The purpose of this paper is to determine the effect of knowledge flows on the formation of interfirm cooperation. By distinguishing codified knowledge flows from tacit knowledge flows, this paper demonstrates that antecedents of interfirm cooperation lie in codified knowledge flows that precede interfirm cooperation. Two properties of asymmetry in codified knowledge flows, direction and uncertainty, underpin this paper's arguments and empirical tests. By mapping dyadic firms to a center and a periphery firm within a knowledge network, we theorize that the technological uncertainty of directional codified knowledge flows induces the center and the periphery firms to pursue interfirm cooperation differently. The results show that while uncertainty in codified knowledge flows hinders a center firm from pursuing interfirm cooperation, uncertainty stimulates a periphery firm to pursue interfirm cooperation. A statistical analysis performed on a sample of enterprise software firms between 1992 and 2009 supports the hypotheses of this paper. The findings have implications for the mechanism through which firms form interfirm cooperation. (Keywords: knowledge flow, interfirm cooperation, technological uncertainty, knowledge network, codified knowledge) 1
INTRODUCTION
A strong body of literature argues that interfirm cooperation stimulates knowledge flows. Whether operationalized in terms of strategic alliance (Mowery, Oxley, and Silverman, 1996; Rosenkopf and Almeida, 2003; Gomes-Casseres, Hagedoorn, and Jaffe, 2006) , strong ties in networks (Uzzi, 1997) , formal inter-organizational networks (Owen-Smith and Powell, 2004) , or the social proximity of actors in networks (Sorenson, Rivkin, and Fleming, 2006) , it is apparent that interfirm cooperation is an important mechanism that promotes knowledge flows. Interfirm cooperation induces knowledge flows by overlapping firms' technological knowledge (Mowery, Oxley, and Silverman, 1996) , by facilitating the learning process (Rosenkopf and Almeida, 2003) , or by increasing mutual trust between cooperating firms (Uzzi, 1997; Sorenson, Rivkin, and Fleming, 2006) .
While the specifics of knowledge flows resulting from interfirm cooperation-technology transfer (Mowery, Oxley, and Silverman, 1996; Gomes-Casseres, Hagedoorn, and Jaffe, 2006) , flows of fine-grained information (Uzzi, 1997) , the search for new knowledge (Rosenkopf and Almeida, 2003) , knowledge spillover through a conduit (Owen-Smith and Powell, 2004) , or flows of complex knowledge (Sorenson, Rivkin, and Fleming, 2006) -are diverse, in general the literature that studies the effect of interfirm cooperation on knowledge flows assumes that interfirm cooperation is exogenous to knowledge flows between firms. However, this assumption is debatable because knowledge may flow before the formation of interfirm cooperation. Despite the potential effect of preceding knowledge flows on firms' propensity to interfirm cooperation, little is known as to how knowledge flows affect the formation of interfirm cooperation and thus understanding the relationship between interfirm cooperation and knowledge flows remains incomplete.
To fill this gap, we address the following question: What aspects of knowledge flows lead firms to, or hinder firms from, the formation of interfirm cooperation? While it is well developed that advantageous access to knowledge or expectation to promote thicker knowledge flows may motivate firms to pursue strong interfirm cooperation (Mowery, Oxley, and Silverman, 1996; Uzzi, 1997; Kogut, 1988; Gulati, 1998; Gulati and Gargiulo, 1999) , we have limited evidence about how preexisting actual knowledge flows affect the formation of interfirm cooperation. The effect of knowledge flows on the formation of interfirm cooperation is an intriguing problem because interfirm cooperation may be accompanied by the risk of expropriation (Teece, 1986; Williamson, 1991) and thus there exists the tension between the risk of expropriation risk and the benefit of interfirm cooperation (Gularti and Singh, 1998) .
We focus on the conditions under which interfirm cooperation is formed, by drawing on a growing body of literature that examines the mechanisms that drive interfirm cooperation. The literature suggests that resource interdependence between firms and inter-organizational embeddedness (Gulati and Gargiulo, 1999) , firms' technologically proximal positioning (Stuart, 1998) , a technological overlap between firms (Mowery, Oxley, and Silverman, 1998) , a technological similarities and complementarities (Rothaermel and Boeker, 2008) , or potential partners' strong knowledge-transfer capabilities (Ceccagnoli and Jiang, 2013) determine the propensity to strategic alliance. Recently, Ahuja, Polidoro, and Mitchell (2009) discuss the ways in which poorly embedded firms in a network structure participate in interfirm cooperation.
Adding to this line of research, this paper aims to contribute to the literature by unraveling the antecedent of interfirm cooperation in preexisting knowledge flows. In examining knowledge flows, we develop a novel approach. We characterize knowledge flows as directional. Knowledge flows between two firms may have two directions that show asymmetries (Knott, Posen, and Wu, 2009 ). While scholars have studied knowledge transfer, sharing, and exchange, they usually focus on a dyadic-level analysis in which bidirectional knowledge flows are assumed (cf. Silverman, 1996, 1998; GomesCassares, Hagedoorn, and Jaffe, 2006) . Thus, the implications of directional knowledge flows remain undeveloped. To better understand knowledge flows, we extend prevailing models of knowledge flows to describe the asymmetry of knowledge flows, such as direction and technological uncertainty, which may unequally affect the firms' propensity to interfirm cooperation.
To tackle the effect of preexisting actual knowledge flows on interfirm cooperation, we consider a specific knowledge network that is the web of codified knowledge flows. In general, a knowledge network consists of a center firm that provides foundation or platform technologies and periphery firms that develop independent and complementary technologies (Stuart, 1998; Ahuja, 2000) . The center and each periphery firm may form interfirm cooperation with the various levels of ties within a knowledge network (Ahuja, Polidoro, and Mitchell, 2009 ), yet the interfirm cooperation can be decoupled from codified knowledge flows within the knowledge network (Brass, Galaskiewicz, Greve, & Tsai, 2004; Wang, Rodan, Fruin, and Xu, 2014) .
We propose that in a knowledge network, technological uncertainty of directional codified knowledge flows from a periphery firm hinders a center firm from pursuing interfirm cooperation because the center firm cannot calculate the obsolescence risk of the uncertain technology. In contrast, technological uncertainty in codified knowledge flows from a center firm may induce a periphery firm to pursue interfirm cooperation because the periphery firm can resolve the uncertainty through collaborative troubleshooting.
A knowledge network in the enterprise software industry is an ideal setting for this study. The enterprise software industry is a "complex product industry" (Cohen, Nelson, and Walsh, 2000) where technology consists of numerous components, many of which often build on other firms' technologies.
Thus, a knowledge network in the enterprise software industry may include abundant interfirm knowledge flows, presenting a fertile ground to examine knowledge flows. More importantly, given that software, per se, represents the product of codification, codified knowledge flows are ubiquitous in this industry.
Also, because technological compatibility has been important in the business practices of this industry, a plenty of room for firm-activities regarding technology sharing exists so that we can continue to observe significant instances of the formation of interfirm cooperation.
We perform a statistical analysis on a sample of 243 enterprise software firms involved in the knowledge network centered on Oracle between 1992 and 2009. Oracle is one of the largest platform providers in the enterprise software industry.
1 This industry includes two distinguished knowledge networks centered on two representative platform providers respectively, Oracle from the U.S. and SAP from Germany. Among them, we focus on the knowledge network surrounding Oracle because the country setting of this paper is the U.S. By analyzing codified knowledge flows (measured by patent citations), uncertainty in codified knowledge flows (measured by technological distance between cited and citing patents and technological novelty of citing patents), and interfirm cooperation (identified through examining the context of news wire), we find supports for our hypotheses. The results show that on the formation of interfirm cooperation, 1) technological uncertainty of codified knowledge flows from a periphery to center firm has a negative effect; and 3) technological uncertainty of codified knowledge flows from a center to a periphery firm has a positive effect.
THEORY AND HYPOTHESIS

Interfirm Cooperation and Tacit Knowledge
1 "Oracle is one of the world's leading enterprise software companies. The company provides database, middleware software, and application software as well as related services. It has a robust market share in most of the markets it serves. The company leads the relational database management systems (RDBMS) market with a share of 48.6 percent in 2007, compared to 47.9 percent in 2006.The company was the second largest player in the enterprise resource planning (ERP) software market and a leading player in the customer relationship management (CRM) market. In 2008, the company continued to maintain its market position." (Global application Software-Industry Profile, Datamonitor, 2007; Oracle Corporation-Company Profile, Datamonitor, 2009 . www.datamonitor.com. Accessed on September 20, 2010 Interfirm cooperation is defined as a voluntary arrangement between firms involving an exchange or sharing of products, technologies, or services (Gulati, 1998) .This paper focuses on interfirm cooperation involving technical exchange or sharing. While the voluntary interfirm arrangements for technology innovation take various forms of cooperative work, including platform participation (Bresnahan and Greenstein, 1999) , strategic alliance (Mowery, Oxley, and Silverman, 1996) , cooperation between manufacturers and users (Von Hippel, 1988 , 1994 , and industry consortiums for standard technology (Rosenkopf, Metiu, and George, 2001) , they all may provide the opportunity for individual engineers to contact each other and share their technical expertise (Polanyi, 1966; Von Hippel, 1988 , 1994 . This expertise is associated with the tacit knowledge embedded in skilled engineers and technical systems (Zollo and Winter, 2002; Leonard-Barton, 1992) . Thus, interfirm cooperation enables firms to communicate tacit knowledge.
Without this interfirm cooperation, except the cases that informal relationships or regional connections facilitate the communication of tacit knowledge (Gularti and Gargulio, 1999; Owen-smith and Powell, 2004) , individual engineers may not be allowed to collaborate with other firms' engineers and thus tacit knowledge flows are less likely to occur. That is, interfirm cooperation is effective in promoting tacit knowledge flows between firms (Cowan, Jonard, and Zimmermann, 2007) .
In the enterprise software industry, interfirm cooperation may take place to achieve technological compatibility between a centrally positioned firm and other periphery firms in a knowledge network (Bresnahan and Greenstein, 1999; Chellappa and Saraf, 2010) . 2 This interfirm cooperation is distinct in that the firms cooperate based on the center firm's technology platform-a bundle of standard 2 The interfirm cooperation between a center firm and periphery firms within a knowledge network in the enterprise software industry is analogous to that of the Toyota network. First, like Toyota's modular production system, in which partners improve their products without experiencing a disruption of integration with Toyota's platform (Spear and Bowen, 1999) , enterprise software platforms support modular architecture with independent modules for integration points. Thus, while cooperating, the center firm and the periphery firms pursue their innovations independently. Second, as Toyota positions itself at the center of the network and shares tacit knowledge (Dyer and Nobeoka, 2000) , the platform providers, such as Oracle in the enterprise software industry, have a central network position, providing knowledge for compatibility. A salient difference between the two networks is that, while Toyota supplies a consolidated final product and, thus, governs its knowledge network with strong authority (Makadok and Coff, 2009 ), a center firm within a knowledge network in the enterprise software industry provides independent but compatible products with periphery firms, focusing on communicating knowledge that allows independent software products to run as a system. components around which platform participants and users are organized (Bresnahan and Greenstein, 1999) . For instance, a center firm cooperates with periphery firms to capture outside innovations (Bresnahan and Greenstein, 1999) , while periphery firms exploit the platform technology as well as provide complementary technologies (Huang et al., 2013) .
Codified and Tacit Knowledge flow
Because firms aim to augment their knowledge (Kogut and Zander, 1992) , knowledge flows exist among firms (Nelson and Winter, 1982) and affect further innovation (Cohen and Walsh, 2000) . Spence (1984) and Jaffe (1986) assume that knowledge flows are symmetric, non-directional, and pooled, however, because firms manage knowledge flows heterogeneously in trying to maximize incoming knowledge flows and the appropriability of their knowledge, knowledge flows may become directional and asymmetric (Cassiman and Veugelers, 2002; Knott, Posen, and Wu, 2009 ). For instance, Cohen and Levinthal (1989) demonstrate that incoming knowledge flows that are absorbed can be asymmetric by introducing the interaction between the available outside knowledge pool and a firm's ability to identify, assimilate, and exploit knowledge from other firms. In addition to their ability to manage knowledge flows, the position of firms in a network may affect knowledge flows. Network theories propose that a central position in a network provides advantages to accessing information (Burt, 2004; 2007; OwenSmith and Powell, 2004) . Therefore, in a knowledge network, each direction of knowledge flows from a center firm to periphery firms, and vice versa, may show asymmetries.
These directional knowledge flows may affect the knowledge adopting firm's propensity to pursue interfirm cooperation. If pre-existing knowledge flows provide information that firms would otherwise pursue through interfirm cooperation, firms are likely to reduce forming interfirm cooperation.
Specifically, codified knowledge can flow before interfirm cooperation because firms can search other firms' knowledge in codified formats regardless of interfirm cooperation. For example, patents can be one of the most important sources of knowledge flows even among rival firms because patenting requires the procedure of the codification and the disclosure of knowledge (Cohen et al., 2002) . Compared to tacit knowledge that is related to know-how, expertise, or accumulated skills that are "sticky" to move (Von Hippel, 1988 , 1994 , the codified knowledge is easily transmitted and replicated (Kogut and Zander, 1992) .
Technological Uncertainty of Codified Knowledge Flows
Codified knowledge flows may be asymmetric in bringing up uncertainty because codified knowledge flows transport technology components with different familiarities or novelties to knowledge-adopting firms. Under the assumption of bounded rationality, firms are likely to localize knowledge flows from external sources to the particular area of their prior knowledge (Cohen and Levinthal, 1990) . Considering this path dependency (Nelson and Winter, 1982; Cohen and Levinthal, 1990) , non-local knowledge components may cause uncertainty in the firms that recombine these unfamiliar components (Fleming, 2001) . Put differently, when firms search and recombine knowledge components from unfamiliar or novel technology, the components should be rearranged and reconfigured in a non-local context, rendering the outcomes of the recombination uncertain (Henderson and Clark, 1990 ).
The extant literature indicates two different views of how uncertainty influences the formation of interfirm cooperation (Williamson, 1991; Kogut and Zander, 1992) . One view suggests that under high uncertainty, governing interfirm cooperation may be costly to address the potentially unpredictable changes induced by that uncertainty (Williamson, 1991; Gulati and Singh, 1998) . These unpredictable changes may ruin a specified asset achieved through interfirm cooperation, such as technological compatibility (Williamson, 1991) . Thus, forming bilateral relationships becomes unfeasible. As such, technological uncertainty introduced by codified knowledge flows is likely to negatively affect the formation of interfirm cooperation. Conversely, another view holds that uncertainty stimulates interfirm cooperation because in order to reduce the uncertainty driven by others, firms may seek related knowledge embedded in other firms (Kogut and Zander, 1992) . This suggests that as the path dependency of firms' technology developments tends to deter internal development of the unfamiliar or novel technology (Nelson and Winter, 1982; Cohen and Levinthal, 1990; Kogut and Zander, 1992) , technological uncertainty caused by codified knowledge flows may drive the formation of interfirm cooperation. Hence, technological uncertainty can drive firms either to obviate the cost of bilateral relationships, thus leading to reducing the formation of interfirm cooperation, or to overcome the firm boundaries, thereby increasing the formation of interfirm cooperation. A center firm and a periphery firm that have stratified technological positions in a knowledge network may interpret technological uncertainty differently (Stuart, 1998; Ahuja, Polidoro and Mitchell, 2009 ). This implies that to address technological uncertainty, the center and periphery firm may calculate the cost and benefit of interfirm cooperation from different standpoints.
A center firm, by adopting uncertain technology, can usually strengthen its centrality and, consequently, its power in a knowledge network because the actors who resolve uncertainty are identified as experts and are sought out by other players within a knowledge network (Brass and Burkhardt, 1993) .
Thus, the adoption of uncertain knowledge strengthens the technological prestige of a center firm within a knowledge network. However, there is a risk that the adopted uncertain technology will be obsolescent rather than dominant (Tushman and Anderson, 1986) . It is likely difficult to calculate the risk of uncertain technology ex-ante. This risk may frustrate the center firm in pursuing interfirm cooperation with the periphery firm, the source of codified knowledge flows with technological uncertainty because the risk of the uncertain technology may be greater when a center firm is more bound to the technology. Thus, the center firm is likely to cope with the risk of uncertain technology by being less bound to the source of uncertain technology (cf. Eisenhardt and Martin, 2000; Davis, Eisenhardt, and Bingham, 2009 ).
Consequently, under the technological uncertainty, while the center firm may utilize codified knowledge flows from a periphery firm (cf. Tsai, 2001) , the center firm likely avoids the formation of interfirm cooperation with the periphery firm. We summarize the discussion as follows:
Hypothesis 1 : The greater the technological uncertainty of directional codified knowledge flows from a periphery firm to a center firm, the less the formation of interfirm cooperation between the center firm and the periphery firm within a knowledge network.
Considering that increasing technological uncertainty results in increased communication among actors, leading them to build structures to interpret the uncertainty that they experience (Van de Ven, Delbecq, and Koenig, 1976) , under technological uncertainty, periphery firms may form interfirm cooperation with a center firm. The interfirm cooperation benefits the periphery firm by taking advantage of collaborative problem solving (Uzzi, 1997; Ahuja, Polidoro, and Mitchell, 2009 ). In adopting unfamiliar or novel directional codified knowledge flows from a center firm, a periphery firm needs to communicate with a center firm to troubleshoot and evaluate the uncertainty that the unfamiliar or novel technology will generate. These benefits of troubleshooting cannot be obtained through mere codified knowledge flows because know-how or expertise may be required to solve problems. Experts from the center firm can help a periphery firm solve problems within the setting of interfirm cooperation (Von Hippel, 1994; Uzzi, 1997) .
Another important consideration for a periphery firm when forming interfirm cooperation under uncertainty can be the expropriation risk from a center firm (Gulati and Singh, 1998) . Recall that commercial relations are invariably calculative (Williamson 1993) . When a periphery firm pursues knowledge components beyond codified knowledge flows from a center firm, it may consider both the benefit and risk following interfirm cooperation. Calculating the risk of interfirm cooperation, a periphery firm may expect a low expropriation risk when it cooperates with a center firm that is the source of directional codified knowledge flowing from unfamiliar or novel technologies. The main reason for this expectation is that even if a periphery firm forms interfirm cooperation and communicates tacit knowledge, the unfamiliar or novel technology of the center firm may be a signal to the periphery firm that the center firm lacks the knowledge necessary to exploit the periphery firm's technology, therefore facilitating opportunistic behavior, such as expropriation, is unlikely. Thus, from a periphery firm's standpoint, technological uncertainty of directional codified knowledge flows from a center firm may be a strong driver in pursuing interfirm cooperation because cooperating with a center firm may reduce the technological uncertainty that is caused by the center firm's unfamiliar or novel technology without the expense of expropriation.
The previous arguments suggest that a periphery firm may pursue cooperation with a center firm when adopting uncertain technology from the center firm. However, interfirm cooperation is a dyadic agreement, thus it is important to discuss how technological uncertainty of codified knowledge flows from a center firm to a periphery firm increases the center firm's interest in interfirm cooperation.
Because a center firm is not usually aware of the codified knowledge out-flows to a periphery firm, the effect of those knowledge flows on the center firm is secondhand rather than direct. When the periphery firm proposes to form interfirm cooperation with the center firm, the center firm will recognize the opportunity to cooperate with the periphery firm. The center firm may be interested in the suggestion from the periphery firm for two reasons. First, by accepting the suggestion, the center firm can obtain a chance to test new applications of its technology (Ahuja, Polidoro, and Mitchell, 2009) . Second, as the second mover in negotiations for interfirm cooperation, the center firm has an advantageous position to observe the periphery firm's offers and then ensure agreeable conditions (Ahuja, Polidoro, and Mitchell, 2009 ). Thus, the center firm likely agrees to form interfirm cooperation. Taken together, for each of these reasons-the benefit of understanding technological uncertainty and less risk of expropriationtechnological uncertainty of codified knowledge flows from a center firm drives a periphery firm to form interfirm cooperation with the center firm. The following hypothesis summarizes the discussion: 
METHODS
The Enterprise Software Industry
The enterprise software industry exemplifies the general features of knowledge flows and interfirm cooperation in a knowledge network. By interviewing the industry experts and examining industry documents and patents, we submit a concrete example of the interfirm cooperation and knowledge flows between a software vendor, such as Nsoft or Psoft, and a platform provider, such as Oracle.
Oracle developers, users of Oracle products, the Oracle conferences, and Oracle products and documents. Three things can characterize this type of cooperative work. First, the knowledge communicated through working together at the engineer or developer levels can be tacit in that the knowledge is embedded in individual engineers as expertise. Second, the knowledge communication renders metaknowledge that points out how, what, and where to codify to achieve compatibility effectively and efficiently. While a part of meta-knowledge can be codified, the knowledge on how to integrate and link the scattered knowledge can be tacit. And third, the codified knowledge reflects inner technologies that may be codified but hidden. For instance, the source code is codified somewhere but never open even to inside engineers. Obtaining these types of knowledge has been the best benefit of interfirm cooperation from the standpoint of technology development.
This style of interfirm cooperation opens up an interesting approach for our study because the cooperative work channels tacit knowledge. While software products, conferences, and documents are usually the sources of codified knowledge flows, the interfirm cooperation between individual developers or engineers may facilitate communicating tacit knowledge. Interfirm cooperation occurs in several forms:
certifying and supporting partners' technology, licensing-in (e.g., Original Equipment Manufacturer) and licensing-out (e.g., embedded licensing of software), training and working with counterparts for a joint business opportunity (e.g., alliances), and working together to standardize technology (e.g., technology consortia). All of these types of interfirm cooperation have a common characteristic: that individual developers or engineers work together to achieve technological compatibility. While firms pursue the benefit of tacit knowledge through interfirm cooperation, both sides of the cooperation are usually concerned about expropriation risks because they know that once know-how or expertise is transferred, their counterpart can easily implement the corresponding technologies.
Another phenomenon of particular interest is universal codified knowledge flows in this industry.
To keep abreast of technological innovation, firms regularly search and monitor other firms' technologies through codified information, e.g., newly launched software, 4 conferences in the field of computer engineering and information technology, or patents. While utilizing available codified knowledge, until the necessity for cooperation is immediate, firms seem to deter or, at least, delay the formation of an interfirm cooperation that is likely to bear expropriation risks. identified, we randomly selected 10 percent and collected annual data for those firms to test the hypotheses. Among those firms, we dropped the firms that are not identified through internet searches.
For instance, for some firms, we were not able to find home pages, news, or any other clues on web sites and thereby excluded those firms. This process resulted in an unbalanced panel data that includes a total of 243 sample firms and 1,110 firm-year observations.
Dependent Variable
Formation of interfirm cooperation. We measured the formation of interfirm cooperation between Oracle and a periphery firm for each year by examining Lexis/Nexis news wire announcements, including those about teaming for co-work, alliances, partnerships, formation of forums, consortiums for standardizing and integrating technologies, supporting each other's technologies, and achieving certification. These terms are all used to express the formation of interfirm cooperation by article reporters, and the core of the technical activities is achieving technological compatibility. To identify the formation of interfirm cooperation, we first searched the news releases using search terms regarding both
Oracle and firms that cited Oracle or that were cited by Oracle and then we examined the contexts of the news releases to determine whether there was interfirm cooperation. Finally, for each firm-year observation, we constructed a variable that is equal to the number of the formation of interfirm cooperation between Oracle and the corresponding periphery firm. induce uncertainty to a knowledge-adopting firm. We identified technological distance on codified knowledge flows using the USPTO patent classes. Note that this technological distance is measured not between firms, but between adopted and adopting specific technology on each directional codified knowledge flow. We computed the technological distance of directional codified knowledge flows following Jaffe's (1986) measure of technological proximity. We calculated technological distance longitudinally as it changes over time (Jiang, Tan, and Thursby, 2011) . First, we calculate technological distance for each year:
Fit is a dimension vector representing 473 USPTO patent classes of firm i's patents that firm j cited at time t. Fjt is a dimension vector representing 473 USPTO patent classes of firm j's patents that cited firm i's patents at time t. We measured technology distance of codified knowledge flows from a periphery to a center firm when i represents 243 sample firms and j represents Oracle (i.e., using backward citations). In the same way, we measured technology distance of codified knowledge flows from a center to a periphery firm when i represents Oracle and j represents 243 sample firms (i.e., using forward citations). Second, constructing technology distance in codified knowledge flows from a periphery to a center firm or vice versa for each firm-year observation, we used the greatest technology distance that a focal firm (i.e., Oracle or a periphery firm) experienced in codified knowledge flows for the previous five years. When the number of codified knowledge flows is zero for five-year windows, we assumed that technology distance is the greatest and assigned '1' to the technology distance measure, building simultaneously a dummy variable that indicates a zero number of codified knowledge flows.
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Novelty of codified knowledge flows from a periphery to a center firm/ Novelty of codified knowledge flows from a center to a periphery firm. As the future usage of novel technologies is usually uncertain-whether it may become obsolete or not- (Rosenberg, 1996) , technological novelty can be a good alternative measure for technological uncertainty. A recombination of subclasses can be considered inventing a novel technological component (Fleming, 2001; Fleming, Mingo, and Chen, 2007) .
Following this convention, we measured technological novelty using the number of first-ever recombinations of patent subclass pairs that were included in cited patents on directional codified knowledge flows during the previous five-year moving windows.
Control Variables
Directional codified knowledge flows from a periphery to a center firm/ Directional codified knowledge flows from a center to a periphery firm. We measured the codified knowledge flows by using the number of patent citations. Because our interest is in the directional codified knowledge flows, we distinguished the number of citations by Oracle to a periphery firm and the number of citations by a corresponding periphery firm to Oracle. For codified knowledge flows from a periphery firm to a center firm, we used the number of citations by Oracle patents (backward citation); for codified knowledge flows from a center to a periphery firm, we used the number of citations by a corresponding periphery firm's patents (forward citation). Using these backward and forward citations, we identified two separate directions of codified knowledge flows. For each year between Oracle and a periphery firm, we 7 We checked robustness by using alternative measures for technology distance and obtained similar results.
constructed the independent variables of codified knowledge flows for each direction using the total number of backward or forward citations during previous five-year moving windows. The choice of a five-year period is consistent with Jiang, Tan, and Thursby (2011), Ahuja and Lampert (2001) , and Griliches (1984) regarding the effectiveness of knowledge diffusion.
As we use patent citations, we are aware of the concern that patent citations might be a noisy proxy for knowledge flows because citations exclude knowledge flows through direct interfirm communication (Roach and Cohen, 2012) . However, this exclusion may eventually justify the use of patent citations as a meaningful proxy for codified knowledge flows because this study intends to distinguish codified knowledge flows from tacit knowledge flows. Thus, as patent citations may not represent "non-codified" knowledge flows (Roach and Cohen, 2012) , they demonstrate very well the characteristics of codified knowledge flows, which is precisely what this study examines.
We measure technological uncertainty using technological distance and novelty of directional codified knowledge flows.
Prior interfirm cooperation.
We included an endogenous occurrence of interfirm cooperation, operationalized as the number of prior interfirm cooperation between a center firm and a periphery firm (Stuart, 1998) . We used the past five-year experiences to control the endogenous concern for the effect of prior experience of interfirm cooperation.
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Firm age. Rothaermel and Boeker (2008) suggest that firm age affects the formation of interfirm cooperation. To capture this effect, we included firm age measured as the time since founding. Firms whose names have changed were traced to original names to identify the founding year.
Acquisition. We controlled for whether firms were acquired by other firms to capture the effect of acquisition on the formation of interfirm cooperation. We would expect the acquired firms to be weakened in their managerial actions, such as forming interfirm cooperation. Bidirectional knowledge flows. We included the existence of bidirectional knowledge flows.
This control variable is to capture the effect of bidirectional knowledge flows on forming interfirm cooperation that literature has depicted (Mowery, Silverman, and Oxley, 1998) . We constructed a dummy variable that indicates the co-existence of two directional knowledge flows (i.e., from a periphery to a center firm and vice versa).
Patent stock of a periphery firm/ Patent stock of a center firm. Because we constructed codified knowledge flow measures using patent citations, we controlled for the patent stock that a periphery firm and a center firm possesses to isolate the effect of patent-based constructs on the formation of interfirm cooperation (Rothaermel and Boeker, 2008) . In the context of this paper, a periphery firm and a center firm have a dyadic relationship, and, thus, the relative size of the patent stock of dyadic firms does matter. We measured the patent stocks for each year as the ratio of the patent stock of two dyadic firms.
Industry consolidation. This industry experienced two major merges, the Oracle-Peoplesoft merge in 2005 and the Oracle-BEA merge in 2009. Oracle aggressively drove these mergers, which signaled a hostile acquisition (Peoplesoft merge) and a new market entry (BEA merge) to current and potential partners. Thus, we would expect that these events kept periphery firms from the formation of interfirm cooperation. We included a dummy variable that indicates the years of these industry consolidation events. Year fixed effects. We controlled for environmental factors that varied over time but that were constant across firms by including year-effect dummy variables. We grouped three years as a period to control year effects.
Firm fixed effects.
To capture the effect of unobservable heterogeneity of firm, we incorporated firm-effect dummy variables. Table 1 provides summary statistics of these variables and the correlations between them. A pair of two codified knowledge flows (i.e., from center to periphery firm and vice versa) variables exhibits a correlation that is high enough to cause concern regarding multicollinearity. Hence, in the estimation model, we included each codified knowledge flow separately and then together to show that the effects of two codified knowledge flows are not due to the collinearity between them.
Insert Table 1 about here
Estimation
We operationalized the dependent variable as the number of interfirm cooperations formed between Oracle and a periphery firm within the Oracle knowledge network in each year. Hence, the observations present a firm-year panel. We report fixed effect Poisson models with heteroskedasticityrobust standard error . Poisson regression assumes that the event count is drawn from the single parameter
Poisson distribution:
where the parameter λ is the mean and the variance of the event count and y is a non-negative integer count variable capturing the number of instances of interfirm cooperation. The standard assumption is = exp ( ′ ). 10 As robustness checks, we also estimated using OLS models. We applied the following specification: where α1i is the firm fixed effect, α2t1 is the year fixed effect, β1, β2, β3, and β4 are the coefficients to be estimated for time lagged independent variables, and εt1,i is the error term.
To address the issue of unobserved firm heterogeneity that is correlated with the dependent variable in the panel data, we adopted fixed-effect estimators. The fixed-effect panel approach permits analysis of the cause and effect without strong assumptions (Cameron and Trivedi, 2005) . With the fixedeffect estimators, we incorporated the estimation with heteroskedasticity-robust standard errors. The obtained robust standard errors can reduce not only the concern for heteroskedasticity, but also a potential problem of serial correlation that the fixed-effect estimation may include in the error term (Woodridge, 2002) .
The literature has shown that interfirm cooperation facilitates knowledge flows, therefore, to test our hypotheses, it is necessary to demonstrate that reverse causality may not drive the model estimations.
The concern is that the effect of interfirm cooperation on knowledge flows might endogenously induce the effect of codified knowledge flows on interfirm cooperation. To address this concern, we exploited a legal regime change on software patenting to instrument for increased codified knowledge flows. In 1996, the USPTO issued a comprehensive new guideline that strengthened the patentability of software inventions (Cockburn and MacGarvie, 2011; Huang et al., 2013) . The literature has reported that this change increased patenting in related areas of software technologies (Huang et al., 2013) . As our sample period includes this legal regime change, the variation provides a possible instrumental variable (IV) that indicates the increase of codified knowledge flows. This is because the pro-software patents guideline should increase the propensity of firms in our sample to file patents for their software technologies (Cockburn and MacGarvie, 2011; Huang et al., 2013 ) that would otherwise remain in non-codified or non-disclosed formats. As a result, holding other things equal, codified knowledge flows may increase with an increasing volume of corresponding software patents that can be significant sources of codified knowledge flows. Given that the pro-software regime change in 1996 is not induced by the formations of interfirm cooperation, this instrument strategy is reasonable. To construct the IVs, first, we identified USPTO patent classes that were affected by the new 1996 USPTO guidelines (Cockburn and MacGarvie, 2006) . 11 Then, for codified knowledge flows from a periphery to a center firm at each firm-year level, we counted the number of the periphery firm's patent classes that correspond to the identified classes in the first step. In the same way, for codified knowledge flows from a center to a periphery firm at each firmyear level, we calculated the number of Oracle's patent classes that were treated by the legal regime change. This gives me two instruments for codified knowledge flows from a periphery to a center firm and vice versa.
RESULTS
Main Results
Table 2 presents results from the fixed effect Poisson regression models that investigate the effect of codified knowledge flows on interfirm cooperation. For the baseline analysis, Models 1and 2 contained control variables only.
Insert Table 2 about here Model 3 supported Hypothesis 1; the parameter estimate for technology distance in directional codified knowledge flows from a periphery to a center firm was significantly negative, indicating that an increase in technological uncertainty of directional codified knowledge flows from a periphery to a center firm decreases the number of interfirm cooperations. In contrast, the parameter estimate for technology distance in knowledge flows from a center to a periphery firm was significantly positive, indicating that the number of interfirm cooperations increases with technological distance in codified knowledge flows from a center to a periphery firm. Hence, Model 3 also supported Hypothesis 2.
With the novelty measures for technological uncertainty, Model 4 and 5 also supported Hypothesis 1; the parameter estimate for novelty of directional codified knowledge flows from a periphery to a center firm was significantly negative. Model 4 and 5 report robust results in general except that the test of novelty of directional codified knowledge flows from a center to a periphery lacked significance, though the sign was consistent with the prediction. This weak significance indicates that technological novelty of codified knowledge flows from a center to a periphery firm may not reduce a periphery firm's concern for expropriation risks as much as technological distance of codified knowledge flows from a center to a periphery firm does, therefore the formation of interfirm cooperation is not significantly increased. The positive and significant effect of technological distance of codified knowledge flows from a center to a periphery firm in Model 5 reconfirms the argument that technological uncertainty has an increasing marginal effect on the formation of interfirm cooperation by mitigating a periphery firm's concern for expropriation risks. The decreasing effect of the technological novelty is more significant than that of the technological distance in Model 5, which reveals that a center firm's concern for forming interfirm cooperation is mainly due to the risk of obsolescence that the novel technologies of a periphery firm embrace.
To facilitate the interpretation of the estimates, we calculated the magnitude of changes in the dependent variable by a unit change in independent variables. 12 In terms of technology distances (Model 3), when the technology distance of codified knowledge flows from a periphery to a center firm increases from "0" to "1", the number of interfirm cooperations decreased by 66 percent; when the technology distance of codified knowledge flows from a center to a periphery firm increased from "0" to "1", the number of interfirm cooperations increased by 864 percent. As seen in the parameter estimate in Model 4, holding other factors constant, a unit increase in novelty of directional codified knowledge flows from a periphery to a center firm decreased the number of interfirm cooperations by 19%.
Robustness Check
To ensure the robustness of the results, we performed a number of variations of the analysis. Table 3 presents the robust results of estimating an OLS model incorporating a firm fixed-effect and robust variance estimator clustered by each firm. In general, the main results continued to hold, Insert Table 3 and 4 about here We performed additional multiple robustness checks. 14 We ran robustness analyses with alternative technology distances for observations with zero codified knowledge flows. First, we checked robustness by calculating the technology distance from directional codified knowledge flows at t+1 when the number of codified knowledge flows is zero at t during the past five years. The number of observations decreased to 179 in this model (number of firms = 20). The main result remained robust.
Second, we took technology distance as missing when codified knowledge flows are zero. The model decreased to 144 observations (number of firms = 17), and the main result was robust in general, except the parameter estimate of technology distance in knowledge flows from a periphery to a center firm lacked statistical significance.
We tested whether the effect of directional codified knowledge flows is robust when "certifying partners" is excluded from the count of formation of interfirm cooperation. While interfirm cooperation represents tacit knowledge communication in this paper, the activity of certifying partners, a type of interfirm cooperation, can also be used to signal legitimacy in the market rather than to communicate tacit knowledge. Six instances of certifying partners were identified and excluded. The results continued to hold; the quadratic term of directional codified knowledge flows from a center to periphery firm weakened the statistical significance.
As shown in Table 1 , the low mean of the dependent variable suggests that the dependent variable includes many zero values. Thus, a potential issue is that some firms are systematically out of contention for the formation of interfirm cooperation. Hence, we tested our predictions using zero-inflated
Poisson models by controlling for the effect of each firm on the zero inflation. The result showed robustness in general.
DISCUSSION AND CONCLUSION
This study theorizes and empirically investigates the effect of knowledge flows on the formation of interfirm cooperation within a knowledge network. Specifically, by distinguishing codified knowledge 14 Tables for these robustness tests are unreported due to space concerns but are available from the author.
flow from tacit knowledge flow and examining two properties of asymmetry in codified knowledge flows-direction and uncertainty-, we demonstrate that the antecedents of interfirm cooperation lie in directional codified knowledge flows that precede interfirm cooperation. We find that the technological uncertainty of directional codified knowledge flows induces the center and the periphery firms to pursue interfirm cooperation differently. While technological uncertainty caused by distant technology components in directional codified knowledge flows hinders a center firm from pursuing interfirm cooperation, the technological uncertainty stimulates a periphery firm to pursue interfirm cooperation.
The findings of this paper contribute to the existing literature in four ways. First, by focusing on the effect of knowledge flows on interfirm cooperation, we complement the current understanding about the relations between the two variables: knowledge flows and interfirm cooperation. Drawing on wellestablished arguments that interfirm cooperation facilitates knowledge flows (Mowery, Oxley, and Silverman, 1996; Gomes-Casseres, Hagedoorn, and Jaffe, 2006) , we present evidence that interfirm cooperation could be endogenous to preexisting codified knowledge flows. That is, the results of this paper uphold the notion that knowledge flows can be a cause of interfirm cooperation. Second, we relax the theoretical assumption of bidirectional and symmetric knowledge flows in the literature, by addressing directional asymmetric codified knowledge flows separately. In examining those two-directional codified knowledge flows that have different impacts on the formation of interfirm cooperation, we refine the construct of technological uncertainty in directional codified knowledge flows, which can be characterized by technological distance and novelty. Third, the conclusions formed during this study add an insight to our understanding of the role of uncertainty in forming interfirm cooperation. The existing literature provides contrasting explanations for the effects of uncertainty on interfirm cooperation (Williamson, 1991; Kogut and Zander, 1992) . By examining the technological uncertainty caused by directional codified knowledge flows, we try to synthesize the positive or negative marginal effects of technological uncertainty on the formation of interfirm cooperation within a knowledge network. Finally, this study also contributes to extending the work on the antecedents of interfirm cooperation in network positions such as a center and periphery (Gularti and Gargiulo, 1999; Ahuja, Polidoro, and Mitchell,2009) , by demonstrating that the center and periphery firms in a knowledge network show different approaches in adopting directional codified knowledge flows and forming interfirm cooperation.
Our findings imply that the impact of directional codified knowledge flows is absorbed in different ways and induces the formation of interfirm cooperation according to the firm's position in a knowledge network. The findings on the role of codified knowledge flows help explain a mechanism that guides firms when choosing their cooperating partners, presenting a possible answer to the question (Stuart, 1998; Gularti and Gargiulo, 1999; Ahuja, Polidoro, and Mitchell,2009) This approach may address the unobserved time-invariant heterogeneities across firms, the environmental changes within the relevant technology field, and firms' age-dependent changes. Nevertheless, we acknowledge that due to a lack of data, the inability to fully address time-variant firm heterogeneity is clearly a limitation. Third, because this study is based on a single industry as well as a single knowledge network, we have the limitations of generalizing the results in this paper to extended contexts. While this specific context may reduce the concern of unobserved heterogeneity of the sample firms, future studies should test whether the results of this paper are replicable in other industries and multiple knowledge networks.
For future study, questions arise as to the eventual effect of asymmetric codified knowledge flows on the structure of a knowledge network. For example, how does the structure of a network bear out the marginal effect of asymmetric codified knowledge flows? What is the long-term consequence of the directionality of tie formation induced by asymmetric codified knowledge flows between firms? This question does require another question to be addressed: how do asymmetric codified knowledge flows contribute to firms' accumulation of knowledge stocks in a knowledge network as well as across multiple knowledge networks? By accumulating knowledge stocks, does a periphery firm redirect its efforts toward repositioning itself within knowledge networks rather than enhancing interfirm cooperation with a center firm? Further investigation of these questions would provide a more nuanced understanding of the relations between knowledge flows and the structure of knowledge networks. In studying these questions, we believe that the characterization of codified knowledge flows-asymmetries in direction and technological uncertainty-should be generally applicable. All correlation coefficients above 0.07 are significant at p<0.05. 
